Abstract. We present and discuss the results of the first directional pointcontact spectroscopy experiments in high-quality MgB 2 single crystals. Due to the directionality of the current injection into the samples, the application of a magnetic field allowed us to separate the contributions of the σ and π bands to the total conductance of our point contacts. Thus, we were able to obtain the temperature dependence of each gap independent of the other. The consequent, strong reduction of the error on the value of the gap amplitude allows a stricter test of the predictions of the two-band model for MgB 2 .
Introduction
Even though a complete description of the many features of MgB 2 discovered so far has not been achieved yet, there is a growing consensus on the fact that a large part of them can be properly explained by admitting that two band systems are present in MgB 2 [1, 2, 3, 4] , with two different energy gaps [5, 6] .
One of the most convincing experimental supports of the two-band model is the observation of two gaps by tunneling [7] and point-contact spectroscopy (PCS) [8] . According to the model, the conductance of SIN or SN junctions can be expressed as the weighed sum of two independent conductances relevant to the two bands. Theoretical values for the weight functions have also been calculated as a function of the angle ϕ between the direction of current injection and the boron planes [6] .
As far as the temperature dependence of the two gaps is concerned, an interband pair scattering [9] is supposed to raise the critical temperature of the π bands so that both gaps (∆ π and ∆ σ ) close at the same temperature T c = 39 K [6] even though their amplitude is strongly different. While ∆ σ approximately follows a BCSlike curve (with non-standard gap ratio 2∆ σ /k B T c = 4.18), a marked reduction of ∆ π with respect to a BCS-like behaviour (with gap ratio 2∆ π /k B T c = 1.59) is expected at T 20 K.
Testing these predictions with high accuracy has been so far impossible due to the lack of single crystals large enough to be used for direction-controlled point-contact
To whom correspondence should be addressed (gonnelli@polito.it) and tunnel spectroscopy. In this paper, we present the results of the first point-contact measurements in large single crystals of MgB 2 . We injected current along the ab plane or along the c axis, and applied a magnetic field either parallel or perpendicular to the ab planes. This allowed us to separate the partial contributions of the σ and π bands to the total conductance, and to fit them obtaining the temperature dependence of each gap with great accuracy. We will show that all the results of this procedure confirm very well the predictions of the two-band model appeared in literature.
Experimental details
The investigated MgB 2 single crystals were produced at ETH (Zürich). A mixture of Mg and B was put into a BN container in a cubic anvil device. The crystals were grown under a pressure of 30-35 kbar; the temperature was increased during one hour up to the maximum of 1700-1800
• C, kept for 1-3 hours and decreased during 1-2 hours. This technique can give MgB 2 plate-like crystals up to 1.5 × 0.9 × 0.2 mm 3 in size and 200 µg in weight [10] , but the crystals used for our PCS measurements were slightly smaller (0.6 × 0.6 × 0.04 mm 3 at most). To remove possible deteriorated layers [11] , the crystal surface was etched with 1% HCl in dry ethanol for some minutes.
Point contacts were made by using as a counterelectrode either a small piece of indium pressed on the surface of the sample, or a drop of Ag conductive paint. The contacts were positioned so as to have current injection along the ab planes or along the c axis * . Using such a non-conventional technique for making point contacts was due to the very poor thermal stability and reproducibility of the contacts made, as usual, by pressing metallic tips against the sample surface. Instead, our contacts had a remarkable mechanical stability during thermal cycling, and showed very reproducible conductance curves. Even though the apparent area of the contacts (about 10 × 10 µm 2 ) was much greater than that required to have ballistic current flow [13] , it must be borne in mind that the effective electrical contact only occurs in a much smaller region. The resistance of our point contacts (that fell in most cases in the range 10 ÷ 50 Ω) suggests that they can be assumed to be in the ballistic regime. Figure 1 shows the temperature dependence of the experimental normalized conductance curves (circles) of point contacts obtained by using an Ag-paint spot (a) and an In flake (b). The values of the normal-state resistance (independent of the temperature) are indicated in each panel. In (a) the current was mainly injected along the ab planes, while in (b) the current direction was mainly parallel to the c axis. The low-temperature curves in (a) clearly show two peaks at V = ±2.8 mV and V ≃ ±7.6 mV, that merge in a broad maximum above 15 K. The low-temperature curves in (b), instead, show only a very sharp peak at V = ±2.8 mV and a smooth shoulder at V ≃ ±7 mV. Clearly, these features are connected to the two gaps ∆ π and ∆ σ , and the different relative amplitude of the peaks reflects the angular dependence of the weight of each band in the total conductance. In the panels of Figure 1 , solid lines are the best-fitting curves calculated by using the BTK model [14] generalized to the case of two gaps. In other words, the experimental normalized conductance was fitted * When the potential barrier at the interface is small as in our case, the current is injected in a cone whose angle is not negligible. In the ideal case of no barrier, this angle is π/2. The probability for electrons to be injected along an angle ϕ in the cone is proportional to cos ϕ [12] so that it is maximum along the normal direction anyway. to a function of the form: σ = w π σ π + (1 − w π )σ σ . The fit is almost perfect especially at low voltage. This might not surprise since there are 7 adjustable parameters: ∆ σ and ∆ π , the broadening parameters Γ σ and Γ π , the barrier transparency coefficients Z σ and Z π , and the weight of the π band in the total conductance, w π . Actually, since neither the current direction nor the contact resistance depend on the temperature, both w π and the barrier parameters Z σ and Z π were kept equal to their low-T values. Figure 2 reports the temperature dependence of the two gaps given by the fit, both for ab-plane current (solid circles) and for c-axis current (open circles). The low-temperature gap values ∆ σ = 7.1 ± 0.5 meV and ∆ π = 2.9 ± 0.3 meV are in very good agreement with the theoretical values [6] . Unfortunately, at higher temperature the error on the gap values increases so much that it becomes practically impossible to determine whether the ∆ π (T ) and ∆ σ (T ) curves follow a BCS-like curve or not. Let us also mention that the values of the parameter w π resulting from the fit are w π = 0.75 ± 0.03 in the case of ab-plane current and w π = 0.980 ± 0.005 in the case of c-axis current. The values predicted by the two-band model are w π = 0.66 and w π = 0.99 for current injection purely along the ab plane and along the c axis, respectively [6] . Since the crystal orientation is known with a few degrees of accuracy, this apparent mismatch is actually due to the fact that, in point-contact spectroscopy, the current injection occurs within a finite solid angle [12] .
Results and discussion
A careful test of the two-band model obviously requires a more accurate determination of the gap amplitude. This might be obtained by reducing the number Error bars are only shown for the case of ab-plane current; in the case of c-axis current the error on the small gap ∆π is practically the same, while the error on the large gap ∆σ is even larger than that shown, because of the smoothness of the related feature in the conductance curves (see Figure 1b) . Dotted lines are BCS-like curves that best fit the experimental data.
of free fitting parameters, e.g. by separating the contributions of the two bands to the total conductance. Some results obtained in polycrystalline samples [8] , suggest that a magnetic field of suitable intensity (namely, about 1 T at 4.2 K) can remove the gap in the π bands without affecting the gap in the σ bands. We verified that the same happens in our single crystals: we applied to each sample (at T = 4.2 K) magnetic fields of increasing intensity, either parallel to the c axis or to the ab planes, and we observed that in both cases the small-gap features in the conductance curves vanish indeed when B ≃ 1 T [15] . The effect of the field on the large gap depends instead on the field direction. When B ab-plane, the large-gap features remain clearly distinguishable up to 9 T, with only some marks of gap closing. Incidentally, this demonstrates that H ab c2 > 9 T. When B c-axis, instead, the conductance peaks due to the large gap merge together at B ≥ 4 T giving rise to a broad maximum. Based on the high value of H ab c2 at low temperature (suggested both by our measurements and by other results on similar samples [16, 17] ), and supported by some trial measurements at various temperatures [15] , we assumed that a field of 1 T parallel to the ab planes was too weak to affect seriously the large gap, even at temperatures rather close to T c . Then, we measured the conductance curves of a In-MgB 2 point-contact in the c-axis-current case as a function of the temperature, with no field (see Figure 3a) and with a field of 1 T parallel to the ab planes (see Figure 3b) . If in the absence of magnetic field the total normalized conductance reads σ(B = 0) = w π σ π + (1 − w π )σ σ , when the magnetic field destroys the gap in the π band it becomes: σ(B = 1) = w π + (1 − w π )σ σ . Thus we fitted the curves measured in the presence of the field with this function, that only contains three free parameters: ∆ σ , Γ σ and Z σ . We took w π = 0.98, that is the value obtained from the fit of the total conductance at low temperature. Incidentally, the good quality of the fit (solid lines in Figure 3) shows that the value we got for w π is a very good evaluation. The temperature dependence of the large gap obtained from this fitting procedure is reported in Figure 4 reduction of the error bars and hence the improvement of the accuracy obtained by using this novel technique. An independent determination of the small gap can be obtained by subtracting the conductance curve measured in the presence of the field (Figure 3b ) from those measured without field (Figure 3a) . The resulting curves are reported in Figure 3c . Notice that these curves look particularly "clean" and noisefree since the subtraction also allows eliminating some experimental fluctuations that are present both in σ(B = 0) and in σ(B = 1). The result of the subtraction can be expressed by the functional form σ(B = 0) − σ(B = 1) = w π (σ π − 1). Fitting the experimental data with this function allows determining the three remaining free parameters ∆ π , Γ π and Z π . The resulting temperature dependence of the small gap is reported in Figure 4 (solid circles). In this case, the error on the gap value is very small even at high temperature, so that the deviation of the gap values from the BCS-like curve (dashed line) results to be much larger than the experimental uncertainty.
Conclusions
The selective removal of the gap in the π bands from the total conductance curves of point contacts is by itself a proof of the existence of two distinct gaps in MgB 2 . In this paper we have shown that the use of single crystals allows a stricter test of the twoband model. First, the fit of the total conductance curves with the generalized BTK model gave us the weights of the σ and π bands, which resulted in good agreement with those predicted theoretically both for contacts along the c axis and along the ab planes. Second, the separate analysis of the partial conductances σ σ and σ π gave the highestprecision values of the gaps in MgB 2 ever obtained by point-contact spectroscopy: at low T , ∆ σ = 7.1 ± 0.1 meV and ∆ π = 2.80 ± 0.05 meV. While ∆ σ follows a BCS-like temperature evolution, ∆ π deviates from the BCS behaviour at T > 25 K, in very good agreement with the two-band model. Due to the small error on the gap value, this deviation is here unquestionably determined for the first time.
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